Proton inelastic scattering off a neutron halo nucleus, 11 Li, has been studied in inverse kinematics at the IRIS facility at TRIUMF. The aim was to establish a soft dipole resonance and to obtain its dipole strength. Using a high quality 66 MeV 11 Li beam, a strongly populated excited state in 11 Li was observed at E x =0.80 ± 0.02 MeV with a width of Γ = 1.15 ± 0.06 MeV. A DWBA (distorted-wave Born approximation) analysis of the measured differential cross section with isoscalar macroscopic form factors leads to conclude that this observed state is excited in an electric dipole (E1) transition. Under the assumption of isoscalar E1 transition, the strength is evaluated to be ex- * Corresponding author.
tremely large amounting to 600∼2000 Weisskopf units, exhausting 4%∼14% of the isoscalar E1 energy-weighted sum rule (EWSR) value. The large observed strength originates from the halo and is consistent with the simple di-neutron model of 11 Li halo.
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Understanding the 11 Li structure is a landmark in studies of the halo nuclei [1, 2] . The two valence neutrons in 11 Li have a very low separation energy, forming a low-density halo. As a collective excitation of the two-neutron halo, the soft-dipole resonances in 11 Li are expected to appear at low excitation energies [3] and by nature of the excitation should have both isovector and isoscalar components. The soft-dipole resonances in 11 Li have been predicted to appear at around 0.7 MeV and 2.7 MeV by the cluster-orbital shell model (COSM) that is constructed in a microscopic framework as the three-body system 9 Li + n + n. These low-lying states are predicted to exhaust 8% of the isovector E1
EWSR [4] .
Several Coulomb-dissociation experiments have been performed at relatively high bombarding energies on Pb targets to reveal the E1 strength at low excitation energy. In the early 1990's, experiments at MSU [5] at 24 MeV/u and RIKEN [6] at 64 MeV/u reported the experimental results showing a strong dipole strength at low excitation energy. Later, measurements at GSI [7] at 280
MeV/u reported that there were dipole states centered at 1.0 ± 0.1 MeV and 2.4 ± 0.1 MeV in 11 Li, and that these two states exhausted 8% of the isovector E1 EWSR, in good agreement with the COSM prediction. The experiment at RIKEN [8] , on the other hand, indicated a peak at lower energy ∼ 0.6 MeV that was interpreted as a soft-dipole excitation. The isovector B(E1) value integrated over E rel < 3 MeV was obtained to be 1.42(18) e 2 fm 2 , which was the largest E1 strength observed so far for a low-lying dipole state. However, since the direct breakup mechanism is dominant for such Coulomb dissociation measurements, as discussed for 11 Be [9] , it was considered that this low-energy E1 peak reported in Ref. [8] corresponds to a direct breakup to the continuum.
Though the prediction of COSM model is a resonant excited state, the enhancement observed in Coulomb dissociation arises from the small separation energy in 11 Li as predicted in Ref. [2] .
On the other hand, in the missing-mass method nuclear excitations are observed at backward scattering angles, where the effects due to the Coulomb dissociation process are negligible. Therefore, a resonant state, if it exists, should be observed more clearly in the missing-mass spectrum due to the absence of a large E1 breakup effect. The excitation energies for 11 Li obtained from several reactions are summarized in Fig. 1 . A pion-induced double-charge-exchange 11 B(π − ,π + ) reaction [12] , a pioncapture reaction 14 C(π − ,pd) [13, 14] The experiment was performed at the IRIS facility at TRIUMF in Canada.
A high-quality 11 Li beam at 6 MeV/u from the ISAC II facility was incident on a solid hydrogen target with a thickness of ∼150 µm. The target is formed on a 5 µm Ag foil backing with the foil facing the incoming beam. Therefore, the scattered protons from the H 2 target reach the detectors unhindered. Using a ∆E − E detector system consisting of a Si-strip detector array and CsI(Tl)
detectors, an excitation energy resolution of 170 keV (σ) was achieved under a low-background condition. Figure 2 shows a schematic drawing of the experimental setup and the measured spectra for particle identification of hydrogen and Li isotopes. The recoil protons were detected by Telescope A, consisting of 100 µm thick annular Si-strip detectors [20] and annular-CsI(Tl) detectors.
Inelastically scattered 11 Li*(excited state of 11 Li) decays into 9 Li and two neutrons. 9 Li ions are detected by Telescope B, consisting of two layers of 60 µm thick and 500 µm thick annular Si-strip detectors.
By using the energies and polar angle information of the recoil protons, Figure 2 : (a) The experimental setup at IRIS. ∆E − E particle identification spectra for (b)
hydrogen isotopes and (c) Li isotopes. the 11 Li missing-mass spectrum was obtained. The coincident measurement with 9 Li, emitted after the 11 Li decay, improves the selection of the 11 Li(p,p ′ ) reaction channel. Moreover, a coplanarity gate on the relative azimuthal angle between proton and 9 Li, which was defined by φ11 Li−p =180 • ± 22.5
• , decreased the background from the non-resonant decay events. After a two-body reaction of inelastic scattering, the 9 Li decay residue from the excited state of 11 Li is emitted in almost the same direction as the excited 11 Li nucleus because the decay energy is much smaller than the mass of 9 Li. On the other hand, the 9 Li from the direct breakup of 11 Li due to interaction with the proton target will in general not necessarily be emitted in the same direction as 11 Li, which is determined by the four-body final state phase space. The obtained excitation-energy spectra with their energy-dependent detection efficiencies are shown in Fig. 3 . These efficiencies were calculated by taking into account both the coincidence-gate efficiency and the coplanarity-gate efficiency resulting from the detector geometry and the angular spread from the decay of 11 Li to 9 Li. The 11 Li(p,p ′ ) spectra at the different angles were fitted to obtain the resonant energy, the width and the differential cross sections.
A Breit-Wigner function F (E r ) with an energy-dependent width Γ(E r ) was employed to fit the spectra assuming a resonant state near the particle decay threshold. The function F (E r ) is expressed as,
where E r is the relative energy of decay particles, E 0 is the excitation energy of the resonant peak observed in 11 Li. The relationship between these variables is E x =E s +E r , where E s is the 2n separation energy. The width Γ(E r ) is a function of energy defined as Γ(E r ) ≡ g √ E r , where g is a fitting parameter.
The experimental energy resolution was taken into account by folding the Breit-
Wigner function with a Gaussian of σ=170 keV, which was obtained from fitting the elastic scattering peak in the 11 Li excitation-energy spectrum. The peak position and the resonant width were determined consistently by fitting all the spectra at the different scattering angles to be E 0 =0.80 ± 0.02 MeV and Γ(E r ) = 1.15 ± 0.06 MeV.
Differential cross sections of the elastic scattering obtained from detection of either proton or 11 Li are plotted in Fig. 4 . In addition to the statistical uncertainties of the data, the total systematic uncertainties were estimated to be ±7%. The contributions to the systematic uncertainties consist of 4.8%
coming from the target thickness and 5.0% coming from the absolute counting of the incident beam.
The optical potentials were obtained from the proton elastic scattering data assuming the following form:
where the Woods-Saxon potential shape f (r, r i , a i ) = 1 + e
was used.
The obtained optical potential parameter sets with the imaginary part having only the volume term (Set V) and with only the surface imaginary term (Set S) are listed in Table 1 . The inelastic-scattering differential cross sections (empty red squares with error bars) were compared to DWBA predictions using the code, CHUCK3 [21] , channel. For the very low bombarding energy and the low-Z of the hydrogen target, Coulomb excitation of isovector dipole strength, in particular, is expected to be negligible at the backward center-of-mass angle at which measurements were made in this experiment. Furthermore, the isoscalar excitation was expected to be dominant in case of the present low-energy 11 Li(p,p ′ ) experiment [22] . For ∆L=2 (quadrupole) and ∆L=3 (octupole), the form factors obtained in the surface vibrational model [23] were used. In such models, the nuclear shape vibrates according to quadrupole or octupole deformations without changing the density. For ∆L=0, the breathing-mode form factor was used [24] . It changes the nuclear size and the density changes by conserving the number of nucleons.
For ∆L=1, the Harakeh-Dieperink form factor [25] and the Orlandini form factor [26] were used. These form factors for ∆L=1 were introduced to describe the isoscalar E1 excitations with the and is most appropriate for the collective 3hω compression mode exhausting the largest fraction of the isoscalar dipole EWSR. Instead, the Orlandini form factor is determined to describe 1hω excitations with a very small fraction of the isoscalar E1 EWSR.
The DWBA calculations were performed for both optical parameter sets V and S. The results of the calculations are summarized in Table 2 . This may account for the small difference in peak position seen compared to
In summary, a low-energy dipole excitation state at 0.80 MeV in 11 Li has been identified in low-energy proton inelastic scattering off 11 Li. The measured angular distribution of the differential cross sections is consistent with predictions using the form factor for an isoscalar E1 excitation mode. A very large isoscalar E1 transition probability of 1.1 ∼ 3.8×10 3 e 2 fm 6 is deduced, exhausting 4 ∼ 14% of the isoscalar E1 EWSR. This large dipole strength is found to originate from the halo and is consistent with a simple di-neutron model for 11 Li. The results bring new information on the soft dipole excitation. The Current derivation of E1 strength assumes that the observed peak is described only by an isoscalar excitation. While it is true that the (p,p') reaction can excite both isoscalar and isovector modes, as described above, the isoscalar excitation may by expected to be dominant here. However future theoretical developments considering both isoscalar and isovector descriptions for the soft-dipole excita-tion should lead to a deeper understanding, which is beyond the scope of this article.
The 
